The flow instability in a low specific speed mixed-flow pump, having a positive slope of head-flow characteristics was investigated. Based on the static pressure measurements, it was found that a rotating stall in the vaned diffuser occurs at about 65% flow rate of best efficiency point (BEP). A dynamic Particle Image Velocimetry (DPIV) measurement and the numerical simulations were conducted in order to investigate the flow fields. As a result, the diffuser rotating stall was simulated even by Computational Fluid Dynamics (CFD) and the calculated periodic flow patterns agree well with the measured ones by DPIV. It is clarified that a periodical large scaled backflow, generated at the leading edge of the suction surface of the diffuser vane, causes the instability. Furthermore, the growth of the strong vortex at the leading edge of the diffuser vane induces the strong backflow from the diffuser outlet to the inlet. The scale of one stall cell is covered over four-passages in total thirteen vane-passages.
Introduction
A pump internal flow becomes much complicated in terms of time and space when a pump is operated at partial flow rate. In such a case, there appears a positive slope of head-flow characteristics and it causes the surge, vibrations and noise problems. A mixed flow pump with low specific speed of 0.853 (dimensionless) or 350 (m 3 /min, m, min -1 ) has been developed for the seawater desalination system. In the pump performance test, a positive slope of head-flow characteristics appears at about 65% flow rate of best efficiency point (BEP) and the vibration and noise increase with the flow rate. This result remarkably makes the operating range of this pump narrower. Thus, it is very important to predict the instability at the design stage and to survey preferable pump design parameters. In the authors' conventional study, it was found that the unstable performance was caused by the rotating stall occurring in the vaned diffuser [1] , [2] . There are a few studies on rotating stall in centrifugal pumps. Yoshida et al. [3] observed the rotating stall in a vaned diffuser. The propagation speed is under 10 percent of the impeller rotational speed. They studied several types of vaned diffusers and reported that as the clearance between impeller and vaned diffuser was decreased, the rotating stall became weakened and the flow range of its occurrence diminished. Sano et al. [4] investigated several types of rotating stall in the impeller and vaned diffuser experimentally and numerically. They concluded that the flow instabilities in the vaned diffuser occur in the range with negative slope of the diffuser pressure performance. Hergt et al. [5] , Eisele et al. [6] and Sinha et al. [7] made experimental observations of the internal flow in vaned diffusers at a low flow rate, but those investigations are not enough in spatial or temporal resolution. There are even few studies on rotating stall in mixed flow diffuser pumps. Kurokawa [8] measured time averaged internal flow with a Pitot tube at the exit of the impeller and the inlet of the diffuser vane. It was reported that the positive slope of pump performance curve was caused by a periodic strong reverse flow accompanied with a stall core, and the rotating stall was suppressed by a non-axisymmetric cut of the inlet of diffuser vanes. However this suppression method may not be employed in all cases, and the relationship between the rotating stall and the unsteady complex internal flow has not been clarified yet. In the case of mixed flow pump with a vaned diffuser, it is very important to consider three-dimensional unsteady flow. In the present paper, pressure fluctuations were measured with four pressure transducers and unsteady internal flow was measured with a Dynamic PIV [9] measurement system, both at the diffuser inlet and at the outlet. In addition, the flow fields were investigated in detail from numerical results with commercial Computational Fluid Dynamics (CFD) software. From these experimental and numerical results, the propagation mechanism of rotating stall, the cause of performance instabilities and the guideline of its restriction are discussed in detail.
Experimental setup, procedure and computational setup 2.1 Experimental apparatus and the geometry of the tested pump
As shown in Fig.1 , the experimental apparatus mainly consists of 300mm-diameter pipes, a control valve, an electro-magnetic flow meter and a storage tank (volume is 1.6m
3 ). A horizontal mixed flow pump with specific speed of 0.85 (dimensionless) or 350 (m 3 /min, m, min -1 ) is placed at the test section and it is coupled through a torque transducer to an induction motor, which is electronically controlled to maintain the rotational speed constant at any set value. In this study, the shaft rotational speed is kept constant at 900min -1 . The pump performance is evaluated from shaft rotational speed, torque, flow rate, and the difference of static pressure between sections A and B in Fig. 1 . The flow rate is adjusted with a control valve and is measured by an electro-magnetic flow meter. The mixed flow pump allows flow visualization as illustrated schematically in Fig. 2 and relevant details on the pump geometry are listed in Table 1 . The impeller is a closed type which has six blades and the diffuser has thirteen vanes. The front shroud of the impeller is made of acrylic resin to allow visual access into the flow within the impeller. The distance, which is 0.28d 2t , between the impeller outlet tip and the diffuser vane inlet tip is relatively large in order to keep the total head as low as possible at shut off operating point. The water jacket is equipped around the casing and is filled with water to restrain the reflection of laser on the acrylic resin. In addition, two pressure transducers having 6mm-diameter-throat are mounted circumferentially at 0.82b 3 distance from the diffuser vane inlet tip on the casing wall to determine the number of rotating stall cell. These taps are setup at the center of the diffuser passage X and Y in Figs. 10 and 11. Another two pressure transducers are placed at the outlet in the same passage to investigate the relationship of pressure fluctuations between the inlet and the outlet of the diffuser vane, as shown in Fig. 3 . 
PIV measurement system
The facility has been designed for measuring of unsteady flow through the transparent part of the impeller, the clearance between the impeller and the diffuser vanes, and the diffuser passages. Figure 3 shows the schematic view of the Dynamic PIV measurement system. A double-pulsed YLF (10mJ/pulse@1kHz) laser is used as a source of illumination. The beam is expanded to about a 1mm thick light sheet by an optical lens. In this study, the interval between the first pulse and the second one is 80μs and the cycle of double pulse is 2000μs. The flow is seeded using nylon powder, with a mean diameter of 50μm. The specific gravity of this particle is 1.03. A control system synchronizes the PIV system and the signal of a pressure transducer. The PIV measurement areas are shown in Fig .2 as Sections I and II. The images are recorded by a 1024x1024 pixels 2 , 1000frames/s digital high speed camera which has 2GB memories. Then, the images can be obtained during about 2 second, namely 1013 pair of images. Those images are analyzed with a commercial auto-correlation software. In this study, a recursive cross-correlation method is used for detecting the peak of correlation value. A 32x32 pixels 2 of interrogation area is applied as the first processing pass and the 16x16 pixels 2 of interrogation area is also applied as the last processing pass to eliminate the spurious vectors [10] . The Gaussian distribution is used for the sub-pixel analysis and no peak locking is confirmed by examining the histogram of the tracer movement distance. 
Computational model
In the present study, a commercial software package (SCRYU/Tetra Ver.6) was used for the calculation. The transport equations are discretized using a finite-volume method. The code solves the Reynolds-averaged Navier-Stokes equations with a standard k-ε turbulence model. The logarithmic-law of wall function was also used to simulate boundary layers. Fig. 4 shows the computational domain and mesh, respectively. The clearance of 1mm between the impeller front shroud and the casing was included, but the balance holes were not included in the numerical setup. About three million unstructured meshes were used and 4-layer prism mesh was generated at the clearance. Mass-averaged flow rate was set at the inlet boundary and constant static pressure was assumed on the outlet boundary. The time step for unsteady calculation is 1.0x10 -4 [s]. The calculation of 667steps corresponds to one revolution of the impeller. Calculations of six flow rate points (φ=0.132, 0.092, 0.087, 0.079, 0.069, 0.016) were carried out and the final condition of each case was given as the initial condition of the following calculation. Firstly, a calculation at BEP was conducted and then the flow rate was decreased accordingly. Basically, the calculations were conducted at least 4,000 steps (t*=6.0) and some cases at partial flow rate were implemented over 13,000 steps (t*=19.5) in order to obtain a quasi-periodic solution. 
Results and discussions

Pump characteristics and static pressure fluctuations
A performance curve of the tested pump is presented in Fig. 5 . Calculated total head and shaft power, evaluated by averaging the flow field during 1 revolution of the impeller, are also plotted in Fig. 5 . At flow conditions below φ =0.087, there is a steep change in the slope of the curve due to the diffuser rotating stall. From the engineering point of view, the CFD results agree well with the measured ones, although the predicted head is little higher. CFD predicted a stall at a flow rate ratio of 60%, which is 5% lower than the measured value. This discrepancy may be caused by the following: (1) Mesh resolution, (2) Turbulence model. Typical pressure signals in the diffuser passage under conditions of no-stall and stall are shown in Figs. 6 and 7(a) respectively. In the stalled condition at φ =0.069, pressure signals are analyzed by FFT as shown in Fig. 7(b) , and it is found that the fundamental frequency is f*=0.083 and the amplitude is higher than that at the blade passing frequency. Based on the time lag of the two pressure signals mounted on the casing wall of the adjacent diffuser passage and the results obtained by DPIV, it is confirmed that the diffuser rotating stall occurs and the number of the stall cell is one, and the propagating direction of the stall cell is the same as that of impeller rotation. The cause of the onset of a diffuser rotating stall is closely related to the backflow at the vaned diffuser hub-side and it is investigated by using CFD in the reference [12] . Figure 8 shows the relationship between measured static pressure and internal flow patterns at the inlet of the vaned diffuser atφ=0.069. The static pressure fluctuation calculated by CFD is also depicted in Fig. 8 . As for the PIV measurements, the vertical axis indicates flow conditions as follows. The outward flow condition is defined as +0.2, blockaded condition as 0, and backflow condition as -0.2. The symbols of (a)-(e) correspond to the Figs.10-13(a)-(e), respectively. Figure 9 shows the comparison of static pressure fluctuation between experiment and CFD at φ=0.016. In authors' previous studies, it is experimentally confirmed that when the flow rate was further reduced, the propagation speed of stall cell increased and the number of stall cell eventually changed from 1 into 2 at φ=0.042. The diffuser rotating stall occurred even at shut off operating point and the number of the stall cell was two [1] , [2] .
Comparison of flow fields between the measured results and the calculated ones
The pressure fluctuation calculated by CFD agrees very well with the measured one except for the rotating stall propagation speed. The propagation speed calculated by CFD is about 10 to 20% higher than that of the measured one. The calculated vortex size might be smaller than the measured one and CFD might underestimate the head loss.
Maps of instantaneous velocity vectors and static pressure contours in flow fields near the inlet and the outlet of the diffuser calculated by CFD are shown in Figs. 10(a)-(e) and Figs. 12(a) -(e) respectively. Results of measured velocity by DPIV are also shown in Figs. 11(a)-(e) for the inlet flow field of Section I, and in Figs. 13(a)-(e) for the outlet field of Section II. Each nondimensional time t* in the figure corresponds to the horizontal axis of Fig. 8 . The scale of the velocity vector is expressed in the lower left of each figure.
Propagation mechanism of diffuser rotating stall and loss analysis
In this paragraph, firstly, the propagation mechanism of rotating stall will be discussed based on both the measured results and calculated ones. After that, the cause of a head-flow characteristic instability will be discussed to analyze the head loss based on the calculated results.
At partial flow rates, the flow separates from the suction surface at the leading edge of the diffuser vane casing side, the internal flow becomes non-axisymmetric and a strong unsteady vortex is generated at a diffuser inlet passage. The vortex rapidly develops toward the inlet of the diffuser vane, and a three-dimensional stall cell structure is generated [11] . Then, it disturbs the outward flow entering into the inlet of the diffuser vane and static pressure reaches its minimum due to the vortex core, which condition is found at (b) in Fig.8 , and vector maps are displayed as Passage Y of Figs. 10(b) and 11(b) . At the time t*=10.68, the flow at the outlet is stagnated as found in the vector maps in Figs. 11(b) and 12(b) . In condition (c) in Fig. 8 , the adverse static pressure gradient along the meridional direction is abruptly increased due to a strongly developed vortex at the diffuser vane inlet. Then it causes a strong backflow in the whole area of one diffuser passage, as found from the velocity vector maps in Passage Y of Figs. 10-13(c). The outward flow at the outlet of the impeller is considerably influenced by this strong backflow and the loss of total pressure is increased. The backflow itself recovers static pressure in the diffuser passage. The circumferential component of the velocity from the impeller outlet is decreased due to strong backflow. Besides, the meridional velocity is even greatly decreased. Therefore, the flow incident angle becomes so large at the leading edge of the adjacent diffuser vane and a strong vortex is generated at the suction surface of the vaned diffuser inlet. Moreover, it seems that a stall cell propagates toward the adjacent passage in condition (d) of The static pressure takes its maximum when the backflow reaches the vaned diffuser inlet. At that moment, the stall cell has already shifted toward the adjacent passage. Thus, stagnation is caused by the impinging between backflow and outward flow from the impeller as an equilibrium boundary, and the static pressure reaches its maximum in condition (e) of Fig.8 , as seen from the vector maps in Passage Y of Figs. 10(e) and 11(e). The flow at the outlet is also stagnated as shown in the vector maps in Figs. 12(e) and 13(e). The equilibrium boundary, which is formed by the stagnation mentioned above, is moved to downstream by the outward flow, and then the internal flow is gradually improved in condition (a) in Fig.8 , and as shown in the vector maps in Passage Y of Figs. 10-13(a). It is experimentally clarified that the stall core covers one passage and the total of the backflow area and the blockaded area covers three passages based on the number of PIV picture frames and dimensionless frequency (f*=0.083) . In addition, the same results are obtained by CFD as shown in Figs. 14(a) and (b) .
Moreover, as the flow rate is further decreased, the propagation speed of stall cell increases and the number of stall cell eventually changes from 1 into 2 at φ=0.042 due to the increase of circumferential component of absolute velocity at the impeller outlet. Figs. 15(a) and (b) show the calculated flow field at φ=0.016 and two stall cells can be confirmed. It is also clarified that each stall cell covers one passage and the total of the backflow area and the blockaded area covers three passages as well as the case of one stall cell. Figure 16 shows total head coefficient (Ψ), impeller head coefficient (Ψ i ), diffuser pressure coefficient (Ψ d ), and the dimensionless circumferential component of absolute velocity at impeller outlet (V θ2 *) and at the vaned diffuser inlet (V θ3 *). It is found that Ψ d and V θ3 * are steeply decreased with the occurrence of rotating stall. However, Ψ i and V θ2 * are not largely changed. In the stalled condition, the circumferential velocity at the inlet of the diffuser vane is considerably reduced due to the backflow, accompanied by a rotating stall core. As a result, the rotating stall occurs in the range with negative slope of diffuser pressure performance Ψ d as well as in reference [2] . Besides, the head loss increases at the clearance between the impeller and the diffuser vane. Therefore, pump characteristic instability is caused by the abrupt increase of head loss at the vaned diffuser inlet. Our future work is to restrict the strong vortices at the vaned diffuser inlet and the backflow from the vaned diffuser outlet by optimizing the diffuser vane loading distributions. 
Conclusions [1] CFD is able to predict the positive slope of a head-flow characteristic.
[2] The instantaneous velocity vectors calculated by CFD qualitatively agree well with the measured ones by DPIV.
[3] The flow instability is caused by the vortex developed at the leading edge casing corner of the diffuser vane and the vortex induces backflow from the vaned diffuser outlet. [4] It is clarified experimentally and numerically that the scale of a stall is about a four-passage expansion of total thirteen-passage in the vaned diffuser.
[5] Pump characteristic instability is caused by the sudden increase of head loss at the vaned diffuser inlet.
Acknowledgement
The authors would like to thank Torishima Pump Mfg. Co., Ltd. for permission to present this paper. 
Nomenclature
